Introduction {#Sec1}
============

It has been previously described that *S. cerevisiae* strains present different patterns of gene expression according to environmental stress factors (James et al. [@CR34]; Kvitek et al. [@CR35]). The Brazilian fermentation process is an adaptation of the Melle-Boinot process where cells are intensively recycled through a process of centrifugation and washing in diluted sulfuric acid resulting in high cell densities (Babrzadeh et al. [@CR4]; Basso et al. [@CR7]; Wheals et al. [@CR51]). This process occurs in non-sterile conditions making it susceptible to contamination and genetically and physiologically adapted strains tend to dominate (da Silva-Filho et al. [@CR15]; Zaldivar et al. [@CR53]; Zheng et al. [@CR55]). However, the choice of a yeast strain more adapted to the fermentation process is not the only concern that should be considered. The majority of metabolic pathways studies focuses, for example, on the choice of promoters for heterologous expression cassette construction via the selection of appropriate promoters for its strength under different growth conditions (Partow et al. [@CR39]; Peng et al. [@CR40]; Sun et al. [@CR45]), in improving the strength through construction of hybrid promoters (Blazeck et al. [@CR8]) and in optimizing metabolic pathway using combinatorial metabolic libraries (Carquet et al. [@CR12]; Du et al. [@CR21]). But no study to date takes into account the particular genetics of the host strain that will receive the promoters.

In order to determine if commonly used promoters in synthetic biology show different expression patterns, we analyzed and compared five promoters (P~*CYC1*~, P~*TEF1*~, P~*PGK1*~, P~*PGI1*~ and P~*ADH1*~) selected from *S. cerevisiae* strains JPU (industrial) and S288C (laboratory), for the heterologous expression of the *eGFP* gene and the α-amylase gene (*AMY1*) from *C. flavus* (Galdino et al. [@CR25]).

Methods {#Sec2}
=======

Strains and media {#Sec3}
-----------------

*Escherichia coli* strain XL-10 Gold {*endA1 glnV44 recA1 thi*-*1 gyrA96 relA1 lac Hte Δ(mcrA)183 Δ(mcrCB*-*hsdSMR*-*mrr)173 tet*^*R*^ *F'\[proAB lacI*^*q*^*ZΔM15 Tn10(Tet*^*R*^ *Amy Cm*^*R*^*)\]*} was used as host for routine recombinant DNA manipulations. *E. coli* was grown in LB media (1% peptone, 0.5% yeast extract, 1% NaCl, pH 7.2) at 37 °C supplemented with 100 μg/mL ampicillin when necessary. For solid medium, 1.5% agar was added.

*Saccharomyces cerevisiae* strain JPU (*a/α ura3Δ*) (Reis et al. [@CR42]) and S288C (*α SUC2 gal2 mal2 mel flo1 flo8*-*1 hap1 ho bio1 bio6*) were used as a source of genomic DNA. *S. cerevisiae* JPU and CEN.PK2 (*a/a*, *ura3*-*52*, *leu2*-*3112*, *trp1*-*289*, *his3*-*1*) were used as host strains to express eGFP and α-amylase from *Cryptococcus flavus* (Galdino et al. [@CR25]). JPU is a *ura3* mutant strain derived from *S. cerevisiae* JP1, an industrial strain isolated from Japungu Agroindustrial distillery (Santa Rita-PB, Brazil) and deposited at the Department of Mycology Culture Collection (Universidade Federal de Pernambuco, Brazil).

*Saccharomyces cerevisiae* strains were grown in YPD medium (2% peptone, 1% yeast extract, 2% glucose) or minimum dextrose (MD) medium (0.17% yeast nitrogen base without amino acids, 0.5% ammonium sulfate, 2% glucose) supplemented with 20 mg L^−1^ histidine, 30 mg L^−1^ leucine, 20 mg L^−1^ tryptophan (for CEN.PK2 strain) or 20 mg L^−1^ uracil (for both yeasts) when necessary. For solid medium, 2% agar was added. For enzyme activity assays, YPD medium was supplemented with 1% starch and MD medium was supplemented with 1% starch and Asp-Glu buffer (0.4% [l]{.smallcaps}-aspartate, 0.4% [l]{.smallcaps}-glutamate, pH 5.5).

Yeast transformation {#Sec4}
--------------------

Yeast transformation was carried out as previously described (Chen et al. [@CR14]). Yeast cells were spun down from a stationary phase culture into 1.5 mL tubes, vortexed with ONE-STEP buffer \[200 mM lithium acetate, 40% polyethylene glycol 3350, 100 mM dithiothreitol (DTT)\], 0.2--1 μg of plasmid DNA and 50 μg of single-stranded carrier DNA in a total volume of 100 μL. Cells were incubated at 45 °C for 1 h, washed with sterile deionized water for PEG removal, resuspended and plated directly onto selective medium. Cells were incubated at 28 °C for 2--3 days for isolated colonies.

DNA manipulation {#Sec5}
----------------

The yeast genomic DNA extraction used for the PCR reactions was performed as previously described (Drumonde-neves et al. [@CR20]), with modifications. A yeast colony was inoculated into 1 mL of YPD and incubated at 30 °C for 16 h. Briefly, cells were centrifuged at 10,000×*g* for 2 min and the supernatant was discarded. The cell pellet was resuspended in 100 μL of Buffer I (1 M sorbitol, 100 mM EDTA, pH 7.5) containing 26 U lyticase (Sigma-Aldrich) and the cell suspension was incubated at 37 °C for 30 min. A 100 μL solution of Buffer II (50 mM Tris--HCl, 20 mM EDTA, 0.35 M SDS, pH 7.4) was added and the cell suspension was incubated at 65 °C for 5 min and then 80 μL of 5 M potassium acetate was added following incubation at − 20 °C for 5--10 min. The suspension was centrifuged at 10,000×*g* at 4 °C for 15 min and the supernatant was transferred to a new 1.5 mL tube and 250 μL of isopropanol was added following incubation at room temperature for 5 min. The solution was centrifuged at 10,000×*g* for 2 min, the supernatant was removed by aspiration and the pellet was washed with 500 μL of 70% (v/v) ethanol. The pellet was resuspended in 500 μL deionized H~2~O containing 100 μg/mL RNAse A.

Standard cloning, plasmid isolation and bacterial transformations were performed as previously described (Sambrook and Russel [@CR43]). For promoter and probe amplification, the oligonucleotides listed in Table [1](#Tab1){ref-type="table"} were used. Phusion High-Fidelity DNA Polymerase (Thermo Scientific, Ipswich, MA, USA) or Taq DNA Polymerase (Thermo Fisher Scientific) were used for promoter and probes amplification by PCR, respectively, following the supplier instructions; primers were purchased from Integrated DNA Technologies (Coralvillle, IA, USA) and Exxtend (Campinas, SP, BRA). T4 DNA ligase was purchased from Promega and all restriction enzymes were purchased from New England Biolabs. DNA purification was performed using Wizard SV Gel and PCR Clean-Up System (Promega).Table 1Primers used in this studyPrimersFragment (approximate length)Restriction endonucleaseSequence (5′→3′)^a^pPGKSACI-FPGK1 (1500 bp)*Sac*IttcGAGCTCtctaactgatctatccaaaactgapPGKBAM-R*Bam*HItGGATCCtgttttatatttgttgtaaaaagtagaADHSAC-FADH1 (1500 bp)*Sac*IaGAGCTCattaaaacaagaagagggttgacADHBAM-R*Bam*HIaGGATCCtgtatatgagatagttgattgtatgPGISACI-FPGI1 (400 bp)*Sac*IaGAGCTCgtgggtgtattggattataggPGIBAM-R*Bam*HIaGGATCCtttttaggctggatcttgattctaCYCpp5CYC1 (300 bp)*Sac*ItGAGCTCgagctcatttggcgagcgttCYCpp3*Bam*HItGGATCCgattagtgtgtgtatttgtgtttgTEFP5TEF1 (400 bp)*Sac*IgGAGCTCccccacacaccatagcttcaaTEFP3*Bam*HIcGGATCCtttgtaattaaaacttagattagattgeGFPBAM-F*eGFP* (770 bp)*Bam*HIaGGATCCatggtgagcaagggcgaggaeGFPNOT-R*Not*IgGCGGCCGCttacttgtagagctcGPD5*ZWF*1 (1500 bp)*Bam*HIcGAATTCaagatgagtgaaggccccgtGPD3*Bam*HIcGTCGACattatccttcgtatcttctggc^a^Restriction site are in capital letters

Plasmids construction {#Sec6}
---------------------

All plasmids used in this study were based on vector YEp352 vector (Hill et al. [@CR29]), which contains the *URA3* auxotrophic marker. The PGK1 cassette from the YIPGK1 vector (YEp351 based plasmid) was isolated after a double digestion with *Sac*I and *Hin*dIII following ligation into YEp352 linearized with the same restriction enzymes, yielding plasmid Y2PGK1. Then, Y2PGK1 was double digested with *Bam*HI and *Not*I and ligated to the *eGFP* gene from plasmid pEGFP-N3 (Clontech Laboratories), which had been digested with the same enzymes, yielding the vector Y2PGKGFP. In order to obtain the *eGFP* gene under control of different promoters, plasmid Y2PGKGFP was double digested with *Sac*I and *Bam*HI to remove the *PGK1* promoter which was replaced with either P~*ADH1*~, P~*PGK1*~, P~*CYC1*~, P~*TEF1*~ or P~*PGI1*~ amplified from either the *S. cerevisiae* JPU or S288C strains, which had been previously digested with the same enzymes prior to ligation. Plasmids containing promoters from the JPU or from the S288C strains received the prefix Y2J and Y2S, respectively. For the construction of plasmids containing the α-amylase gene from *C. flavus*, plasmid Y2PGK-1 was digested with *Sac*I and *Bam*HI restriction enzymes for removal of P~*PGK1*~, which was replaced with P~*ADH1*~ and P~*PGK1*~ from the *S. cerevisiae* JPU and S288C strains, respectivelly. The *AMY1* gene was obtained from YEpAMY1 (Galdino et al. [@CR25]), digested with *Bgl*II and ligated into the vectors previously linearized with *Bam*HI. The correct gene orientation was confirmed with digestion with *Bam*HI. The resulting plasmids were denominated Y2JADH-AMY1, Y2SADH-AMY1, Y2JPGK-AMY1 and Y2SPGK-AMY1.

DNA sequence and analysis of promoters {#Sec7}
--------------------------------------

Plasmids were isolated using the Wizard SV Plus Miniprep DNA Purification System (Promega) and promoters were sequenced by Myleus Biotecnologia (<http://www.myleus.com>) and Laboratório de Ciências Genômicas e Biotecnologia Molecular (Universidade Católica, Brasília, DF, BRA) using oligonucleotides M13-F (5′-GCTCGTATGTTGTGTGTGTGGAATTG-3′) and eGFP-R2 (5′-GTCCAGCTCGACCAGGAT-3′). The ADH-IR (5′- GCCGCAAAGCCAAATACATCA-3′) oligonucleotide was also used with M13-F for P~*ADH1*~ sequencing and contig assembly. Sequence alignments were performed using CLUSTAL W (Thompson et al. [@CR46]). Reference DNA sequence from *S. cerevisiae* S288C was obtained from the National Center for Biotechnology Information (<http://www.ncbi.nlm.nih.gov/>).

Flow cytometry {#Sec8}
--------------

Single *S. cerevisiae* colonies transformed with different plasmids were picked directly from a Petri dish (in biological triplicate) and inoculated in 500 μL MD medium supplemented with 20 mg L^−1^ histidine, 30 mg L^−1^ leucine, 20 mg L^−1^ tryptophan (for CEN.PK2 strain) or 20 mg L^−1^ uracil (for both control strains), in a deep well plate and incubated in an orbital shaker for 24 h at 28 °C under agitation of 300 rpm. Samples were normalized to an OD~600~ of 0.01 in 500 μL of MD. Reinoculated strains were incubated for another 16 h at 28 °C (300 rpm). About 400 μL of cultures were harvested and centrifuged at 3000×*g* at 4 °C for 5 min, resuspended in the same volume of PBS (8 g L^−1^ NaCl, 0.2 g L^−1^ KCl, 1.44 g L^−1^ Na~2~HPO~4~, 0.24 g L^−1^ KH~2~PO~4~, pH 7.4), normalized to a concentration of no more than 10^6^ cells/mL and analyzed by flow citometer on BD FACSVerse™ (Becton, Dickinson and Company). About 10,000 events were captured, and individual cells were separated from debris and cell clumps by forward scatter (FSC) versus side scatter (SSC) and FL-W versus FL-A plots. Data were analyzed using FlowJo software to compute mean fluorescence values. Day-to-day variability was mitigated by analyzing all comparable strains on the same day. The average fluorescence and standard error were calculated from the mean values of biological replicates, and the statistical analyses were performed with GraphPad Prism 6 (GraphPad Software, Inc.) using Two-way ANOVA (*p* ≤ 0.05).

RNA extraction {#Sec9}
--------------

Yeast cells were grown in MD medium for 24 h at 30 °C under 200 rpm agitation and inoculated in 250 mL MD medium with initial OD~600~ of 0.25 following grown until an OD~600~ \~ 0.8. Cultures were treated with 50 µg/mL cycloheximide for 5 min at 30 °C under 200 rpm agitation. Isolation of total RNA was performed with TRIzol^®^ Reagent (Invitrogen), according to manufacturer's instructions. All RNA samples were stored at − 80 °C.

Northern blotting {#Sec10}
-----------------

Separation under denaturation conditions and transfer of RNA samples to nylon membranes were performed as previously described (Sambrook and Russel [@CR43]). The ZWF1 probe was amplified from yeast genomic DNA using GPD5 and GPD3 primers and the eGFP probe was amplified from pEGFP-N3 plasmid using eGFPBAM-F and eGFPNOT-R primers. Labelling and detection of DNA probes were made with Amersham Gene Images AlkPhos Direct Labelling and Detection System kit (GE Healthcare Life Sciences, Little Chalfont, Buckinghamshire, GBR), according to manufacturer's instructions. Images were edited with Adobe Photoshop CS6 (Adobe Systems Incorporated). Densitometry analysis were made with Image Quant TL v. 8.1 (GE Healthcare Life Sciences).

Enzyme activity assay {#Sec11}
---------------------

Biological samples were prepared in independent triplicates and amylase activity measurements of these samples were performed in technical triplicates for each plasmid. Pre-inoculum of yeasts carrying Y2JADH-AMY1, Y2SADH-AMY1, Y2JPGK-AMY1 and Y2SPGK-AMY1 plasmids were grown in MD medium for 24 h, 30 °C, 300 rpm agitation, and inoculum were made in 50 mL MD medium with initial OD~600~ of 0.25 and grown under the same conditions. Samples were collected at different times for cell growth and enzyme activity measurements.

Enzyme activity was determined by adding 100 μL of 0.5% starch solution to 60 μL of culture supernatant and 40 μL of 0.5 M sodium acetate buffer (pH 6). The reaction was incubated at 40 °C for 10--40 min. The reaction was stopped by adding 200 μL of 1 M acetic acid solution and 200 μL of iodine reagent (0.2% I~2~, 2% KI). The volume of the reaction was completed to 5 mL with distilled water and the absorbance determined at 660 nm. The amylolytic activity was monitored by hydrolysis of starch as described by de Moraes et al. ([@CR17]). One unit of amylase activity was defined as the amount of enzyme necessary to hydrolyze 0.1 mg of starch per minute at 40 °C.

Results {#Sec12}
=======

Cloning of promoters {#Sec13}
--------------------

In order to compare transcription in different genetic backgrounds a set of five promoters (Table [2](#Tab2){ref-type="table"}) commonly used in *S. cerevisiae* were selected and amplified from genomic DNA from JPU (industrial strain) and S288C (laboratory strain). The resulting 10 promoter amplicons were cloned into an expression cassette which includes the *eGFP* reporter gene and the *PGK1* terminator, previously assembled in the multicopy vector YEp352 (Hill et al. [@CR29]). In total, 10 plasmids were constructed. The five plasmids with promoters from JPU strain were named Y2JCYC, Y2JTEF, Y2JPGI, Y2JPGK and Y2JADH, and the five plasmids with promoters from S288C strain were named Y2SCYC, Y2STEF, Y2SPGI, Y2SPGK and Y2SADH. As *S. cerevisiae* JPU is diploid and S288C is haploid, the latter was replaced by the CEN.PK2 a diploid laboratory strain. All ten plasmids were transformed into both yeast hosts, resulting in 20 strains.Table 2Promoters used in plasmids constructionsPromoterNameAccession numbers (GenBank)S288CJPUCYC1CYtochrome CKY704470KY704471TEF1Translation Elongation FactorKY704476KY704477PGI1PhosphoGlucoIsomeraseKY704472KY704473PGK13-PhosphoGlycerate KinaseKY704474KY704475ADH1Alcohol DeHydrogenaseKY704468KY704469

Promoter sequence analysis {#Sec14}
--------------------------

Promoters amplified from both JPU and S288C strains were subject to sequencing and compared to the *S. cerevisiae* S288C reference sequences (Goffeau et al. [@CR27]). As expected, no differences in sequence were found in promoters amplified from S288C strain and the sequences deposited in the NCBI and SGD database (Table [2](#Tab2){ref-type="table"}). On the other hand, all promoter sequences derived from JPU strain had at least one altered nucleotide, with the exception of P~*ADH1*~, which featured six nucleotide differences and two deletions (Table [3](#Tab3){ref-type="table"}).Table 3Nucleotide differences of the promoters from JPU strainPromoterSequence variationCYC1− 52C\>TTEF1− 113C\>T; − 308T\>APGI1− 229T\>CPGK1− 91G\>TADH1− 1448A\>G; − 1432G\>A; − 1391G\>A; − 1308A\>G; − 1173A\>C; − 914A\>G; − 539A\>T; − 387\_− 386delCT

Promoter strength analysis {#Sec15}
--------------------------

The strength of equivalent promoters from different origins was assessed by analyzing intracellular fluorescence intensity derived from EGFP (Fig. [1](#Fig1){ref-type="fig"}). For *S. cerevisiae* JPU industrial strain, the intracellular fluorescence intensity of EGFP showed no significant difference when the reporter gene was under the control of P~*PGK1*~ from either JPU or S288C strains. In contrast, when the reporter gene was placed under the control of P~*CYC1*~, P~*TEF1*~, P~*PGI1*~ and P~*ADH1*~, intracellular fluorescence showed significant differences (Fig. [1](#Fig1){ref-type="fig"}a). When the same promoters were analyzed in *S. cerevisiae* CEN.PK2 laboratory strain, intracellular fluorescence intensity showed no significant difference when the reporter gene was under control of P~*CYC1*~, P~*PGK1*~, P~*PGI1*~ and P~*ADH1*~ derived from both strains (Fig. [1](#Fig1){ref-type="fig"}b). However, among the promoters that presented significant differences it was observed that P~*TEF1*~ from the industrial strain was stronger than its equivalent from the laboratory strain in both yeast hosts (Fig. [1](#Fig1){ref-type="fig"}b). We also noted that in both cell strains the JPU-derived promoters showed greater strength than the S288C-derived promoters. Even in strains that showed no significant difference, the promoters from JPU were slightly stronger than the S288C promoters (Fig. [1](#Fig1){ref-type="fig"}).Fig. 1Comparison of promoter strength in different *S. cerevisiae* hosts. Promoters from industrial strain JPU (*white bars*) and laboratory strain S288C (*gray bars*) driving the expression of *eGFP* in JPU (**a**) and CEN.PK2 (**b**) were analyzed by flow cytometry. Only EGFP positive JPU (**c**) and CEN.PK2 (**d**) cells were analyzed for intensity of intracellular fluorescence of EGFP in both cell strains (**c**, **d**). The asterisk symbol indicates promoters with significant difference (Two-way ANOVA, *p* ≤ 0.05) in mean fluorescence. The error bars represent the standard error of biological triplicates

Promoter expression {#Sec16}
-------------------

To determine if the differences observed in the intensity of intracellular fluorescence of EGFP were at the transcription level, two promoters were selected for Northern blot analysis. The *ADH1* promoter was selected because it showed the most significant difference in the intracellular fluorescence of EGFP and the greatest number of differences between the JPU and S288C promoter sequences. The *PGK1* promoter was also selected for this analysis because it did not show significant differences neither in sequence or activity in both strains.

Each transformant was grown to mid-exponential phase in MD media before harvesting and RNA extraction. The *eGFP* PCR product was used as probe in the Northern blot analysis (Fig. [2](#Fig2){ref-type="fig"}). Detection with the *eGFP* probe showed differences between mRNA levels when the *eGFP* gene was under the control of P~*ADH1*~ from JPU and S288C, and no significant difference was observed when the same gene was under the control of P~*PGK1*~ in both strains (Fig. [2](#Fig2){ref-type="fig"}a). The *SWF1* (Glucose-6-phosphate dehydrogenase) PCR product was used as loading control probe (Fig. [2](#Fig2){ref-type="fig"}b). Densitometric analysis showed, after normalization, that the mRNA levels of the *eGFP* gene from Y2JADH were 2.5-fold higher than the levels obtained from Y2SADH, and the mRNA levels of the *eGFP* gene obtained by Y2JPGK and Y2SPGK showed no significant difference.Fig. 2Transcription analysis of *eGFP* gene under control of P~*ADH1*~ and P~*PGK1*~ from JPU and S288C in *S. cerevisiae* JPU. Total yeast RNA was prepared, run in a 1.5% agarose/formaldehyde gel and transferred to a nitrocellulose membrane. The membrane was probed with the *eGFP* PCR product (**a**) and with the *ZWF1* PCR product as loading control (**b**). Lanes: *1* non-transformed cell; *2* Y2JADH; *3* Y2SADH; *4* Y2JPGK; *5* Y2SPGK. The predicted size of *eGFP* mRNA is approximately 0.7 kb and SWF1 mRNA is \~ 1.5 kb

Amylase expression under different promoters {#Sec17}
--------------------------------------------

We sought to assess whether the observed differences in the intensity of intracellular fluorescence of EGFP were also observed for a different gene under the control of P~*ADH1*~ and P~*PGK1*~. For this, the gene coding for EGFP from Y2JADH, Y2SADH, Y2JPGK and Y2SPGK was replaced by the gene encoding the α-amylase from the yeast *C. flavus* (Galdino et al. [@CR26]). The use of an amylase from yeast was aimed at reducing variations that could affect the promoter analysis. These plasmids were transformed into JPU and CEN.PK2 yeast cells which were grown in MD medium. In a qualitative analysis, JPU transformed with Y2JADH-AMY1 and Y2SADH-AMY1 showed different hydrolysis halos sizes while both transformants containing Y2JPGK-AMY1 and transformants containing Y2SPGK-AMY1 showed no significant differences (Fig. [3](#Fig3){ref-type="fig"}). This difference in activity was not observed in CEN.PK2 strain, where no significant difference in starch hydrolysis halos between transformants bearing plasmids Y2JADH-AMY1 and Y2SADH-AMY1 or between transformants transformed with Y2JPGK-AMY1 and Y2SPGK-AMY1 was observed (Fig. [3](#Fig3){ref-type="fig"}).Fig. 3Amylolytic activity of yeast transformants in plate assays. *S. cerevisiae* JPU and CEN.PK2 were transformed with the indicated plasmids and plated in MD medium supplemented with 1% starch. After 24 h (JPU) and 48 h (CEN.PK2) of growth at 30 °C, the plates were stained with iodine vapor. The different growth time between strains was due to the slower growth rate of CEN.PK2 laboratory strain

In a quantitative analysis, the time course of growth and secreted amylase production by JPU and CEN.PK2 transformants during batch culture were evaluated and are shown in Fig. [4](#Fig4){ref-type="fig"}. For JPU strain, transformants containing Y2JADH-AMY1 showed a higher activity of α-amylase (4.84 U mL^−1^) than those bearing Y2SADH-AMY1 (1.40 U mL^−1^) after 24 h of cultivation, while cells transformed with Y2JPGK-AMY1 (4.72  U mL^−1^) and Y2SPGK-AMY1 (4.81 U mL^−1^) showed no difference (Fig. [4](#Fig4){ref-type="fig"}a). This difference in mean activity was not observed in CEN.PK2 strain, where no significant difference in α-amylase activity between transformants containing plasmids Y2JADH-AMY1 (2.10 U mL^−1^) and Y2SADH-AMY1 (1.96 U mL^−1^) or between transformants containing plasmids Y2JPGK-AMY1 (2.08 U mL^−1^) and Y2SPGK-AMY1 (2.01  U mL^−1^) was observed (Fig. [4](#Fig4){ref-type="fig"}b). Analysis of the cell growth curve showed no difference in cell growth of the analyzed clones, indicating that the difference in α-amylase extracellular activity was due to the difference in α-amylase production under the control of these promoters and not due to a difference in the number of cells in the culture medium (Fig. [4](#Fig4){ref-type="fig"}c, d).Fig. 4Kinetics of α-amylase from *C. flavus* production by recombinant *S. cerevisiae* JPU and CEN.PK2 host strains. Amylase activity in JPU (**a**) and CEN.PK2 (**b**) strains, and growth curves of JPU (**c**) and CEN.PK2 (**d**) strains. The symbols represent: non-transformed cell (*circle*); Y2JADH-AMY1 (*square*); Y2SADH-AMY1 (*triangle*); Y2JPGK-AMY1 (*inverted triangle*); Y2SPGK-AMY1 (*diamond*). The error bars represent the standard error of biological and experimental triplicates

After normalization of the enzymatic activity by the OD of the cells (data not shown), activity values were similar in both strains for all promoters except for P~*ADH1*~ from S288C strain used in the JPU host, which showed lower enzymatic activity, indicating that this promoter did not work properly in this strain (Fig. [4](#Fig4){ref-type="fig"}). It was also possible to observe that the highest enzymatic activity detected in the JPU strain was due to its higher cell growth.

Discussion {#Sec18}
==========

*Saccharomyces cerevisiae* is the most important micro-organism employed in the production of bioethanol. This is due to several characteristics such as high ethanol productivity, tolerance to production stresses and resistance to fermentation by-products (Zaldivar et al. [@CR53]; Zheng et al. [@CR55]). A study of the resistance to different types of stress carried out in yeast strains used for wine production (Ivorra et al. [@CR33]) was used as a basis for understanding the physiology of ethanol-producing strains isolated from Brazilian sugarcane mills. The study conducted by (Della-Bianca and Gombert [@CR18]) compared the physiology of the main strains used in the production of fuel ethanol in Brazil with some well-known laboratory strains, evaluating their tolerance in relation to the classic stress factors and the specific ones faced in the industrial process of fermentation.

Due to the specifics characteristics of ethanol production in Brazil, the manipulation of laboratory yeasts, as well as of strains used in other fermentation processes, and their subsequent adaptation to the industrial use is not a viable option, since this strategy is based on the use of strains that are unable to endure the stressful environment of the fermentation vats, being quickly replaced by more adapted wild strains (Abreu-Cavalheiro and Monteiro [@CR1]; Basso et al. [@CR6]). *S. cerevisiae* JP1 (and its derivative JPU) demonstrated to be dominant in fermentation vats and to possess desirable characteristics in strains used in the production of ethanol (Della-Bianca and Gombert [@CR18]; da Silva-Filho et al. [@CR15], [@CR16]), making this strain a suitable candidate for genetic modifications and use in the industrial process.

Besides the choice of the micro-organism suitable for the process, selection of suitable promoters for heterologous expression is an important step in metabolic pathways engineering. The majority of metabolic pathways studies focuses, for example, on the choice of promoters for heterologous expression cassette construction via the selection of appropriate promoters for its strength under different growth conditions (Partow et al. [@CR39]; Peng et al. [@CR40]; Sun et al. [@CR45]), in improving the strength through construction of hybrid promoters (Blazeck et al. [@CR8]) and in optimizing metabolic pathway using combinatorial metabolic libraries (Carquet et al. [@CR12]; Du et al. [@CR21]). But no study to date, takes into account in determining the promoter strength considering its genome of origin and the host strain that will receive them.

In this work we tested five promoters commonly used for heterologous expression in *S. cerevisiae* were tested in different genetic backgrounds. Sequence analysis showed most promoters derived form an industrial strain showed only one nucleotide variation, with the exception of the P~*ADH1*~ which featured the highest number of differences, including six nucleotide changes and deletions. Since all the promoters from the JPU strain had at least one nucleotide change, we believe that the differences in intracellular fluorescence of EGFP may have occurred due to changes in regulation of transcription initiation. The industrial strains present a genome of more complex constitution with variable number of chromosomes and ploidy that can contribute to adaptation to the process of fermentation in industrial scale (Carreto et al. [@CR13]; Lucena et al. [@CR37]). In addition, genomes of the industrial strains also present nucleotide variation, due to single nucleotide polymorphisms (SNPs), insertions and deletions (In-Dels), new open reading frames (ORFs), copy number variation (CNV) at the ends of the chromosomes and differences in transcription under stress-fermentative conditions (Akao et al. [@CR2]; Argueso et al. [@CR3]; Borneman et al. [@CR9]; Dunn et al. [@CR22]; Kvitek et al. [@CR35]; Zheng et al. [@CR55]).

The strength of promoters was first assessed by measuring the intracellular fluorescence of EGFP in JPU and CEN.PK2 strains of *S. cerevisiae*. The results obtained with fluorescence analysis demonstrated that P~*CYC1*~, P~*TEF1*~, P~*PGI1*~ and P~*ADH1*~ when tested in the JPU strain showed significantly differences in expression levels (Fig. [1](#Fig1){ref-type="fig"}a). In the laboratory CEN.PK2 strain, no significant difference in expression levels was observed, with the exception of P~*TEF1*~ that showed similar results to those obtained in JPU (Fig. [1](#Fig1){ref-type="fig"}b). Despite providing useful information, measuring the forces of the promoters is a complicated analysis because there is no consensus since the results vary according to the microorganism used and the culture conditions (Partow et al. [@CR39]; Peng et al. [@CR40]; Sun et al. [@CR45]); and this type of analysis previously performed on heterologous expression studies is an important step.

Promoters P~*PGK1*~ and P~*ADH1*~ were further analyzed by placing the *AMY1* gene from *C. flavus*, under control of promoters from JPU and S288C strains. This α-amylase has been selected because it is of eukaryotic origin and has been shown to function properly in *S. cerevisiae* (Galdino [@CR23]; Galdino et al. [@CR24]). Thus, we try to eliminate the incompatibility variable of the gene to be expressed with the host yeast (Brat et al. [@CR10]; Hoshida et al. [@CR30]; Ilmén et al. [@CR32]).

With the intracellular analysis performed, the *ADH1* and *PGK1* promoters were selected because they presented the greatest difference in the intracellular expression of EGFP (and in their nucleotide sequence) and did not present significant difference, respectively (Fig. [1](#Fig1){ref-type="fig"}a). When analyzing the extracellular activity of α-amylase, the same pattern of the intracellular fluorescence intensity of EGFP was observed both in the formation of starch hydrolysis halos (Fig. [3](#Fig3){ref-type="fig"}) and in the enzymatic activity (Fig. [4](#Fig4){ref-type="fig"}). Taken together, these results indicate that the difference in strength of these promoters could be occurring at the transcriptional level. The transcripts analysis by Southern blotting obtained when *eGFP* was under control of the *ADH1* promoters indicated that there is a difference in gene transcription. The same was not observed in the *eGFP* transcripts under control of the *PGK1* promoters (Fig. [2](#Fig2){ref-type="fig"}).

An earlier study comparing laboratory and wine-producing yeasts has shown that differences in the promoter region alter the expression profile of the same gene in different strains (Hauser et al. [@CR28]). However, the study did not verify whether the same promoters of different origins would behave in the same way in the same host strain. In this work, promoters of different origins were tested in the same yeast hosts. previous studies have shown that different strains of yeasts present different expression patterns when subjected to the same stress factors (Kvitek et al. [@CR35]; Tirosh et al. [@CR47]; Zheng et al. [@CR55]), even those that are used in similar industrial processes such as the production of ethanol, wine and sake (Kvitek et al. [@CR35]; Zheng et al. [@CR54], [@CR55]).

Despite the differences observed in intracellular fluorescence intensity of eGFP and mRNA expression levels, activity of α-amylase expressed by Y2JADH-AMY1, Y2JPGK-AMY1 and Y2SPGK-AMY1 were similar when expressed in JPU (Fig. [3](#Fig3){ref-type="fig"}a). We speculate that the probable cause of such similarity in amylase activity produced by these three plasmids might be attributable to the requirement for enzyme secretion to the extracellular space. The probable cause of such α-amylase activity is the enzyme secretion to the extracellular space, since the secretory production of heterologous enzymes need to be transcribed, translated, folded and secreted. Multicopy vectors were used for overexpression of proteins under the selected promoters, thus leading to an overload in the yeast secretory system and the subsequent limit of extracellular enzyme activity (Bae et al. [@CR5]; Hou et al. [@CR31]; Mattanovich et al. [@CR38]; Wittrup and Robinson [@CR52]).

Genes with specific structural or functional characteristics show higher levels of expression variation across strains, either in response to selection (Tirosh et al. [@CR47]) or mutation accumulation (Landry et al. [@CR36]). It is plausible to speculate that the expression differences between the promoters of strains S288C and JP1, when expressed in JPU, may be related to a combination of factors. Among the promoters analyzed, p*ADH1* from JPU presented more differences in its nucleotide sequence. These nucleotide variations may not be the only factor influencing the difference in expression, but possibly it has an important role (Hauser et al. [@CR28]). It has been shown that the *ADH1* expression increases when *S. cerevisiae* grows under anaerobic conditions (Van Den Brink [@CR48]), the intracellular accumulation of pyruvate directs this metabolite to the alcoholic fermentation pathway (Van Dijken et al. [@CR49]) and the high flow of glycolytic pathway is followed by fermentation even in aerobic conditions (Crabtree effect) (Pronk et al. [@CR41]). The low aeration and high concentrations of sugar conditions in which this yeast was isolated from, may have directed its adaptation to a higher flow of glycolytic pathway and consequent intracellular pyruvate accumulation, which directed to the fermentative pathway that must work quickly to maintain redox balance (Bruinenberg et al. [@CR11]; van Maris et al. [@CR50]). Further studies should be performed to verify this hypothesis.

On account of being a peculiar process, Brazilian ethanol production offers a hostile environment for yeasts where only the most adapted are successful. The manipulation of laboratory strains for later adaptation to the fermentation vats is not a recommended strategy since the implementation of these strains can be very difficult or even impossible. The recommended would be the modification of strains isolated from the fermentation vats, which are already adapted to the hostile environment (Della-Bianca et al. [@CR19]; Steensels et al. [@CR44]). Another point is the choice of promoters used in the genetic modifications of industrial yeasts. Our knowledge about industrial yeasts is not as vast as the knowledge about laboratory yeasts and it is still necessary to learn a lot about the functioning of these yeasts. We have shown in this study that the strength of promoters varies according to the strain of origin and the host strain to be used. Therefore, we suggest that the promoters to be used in industrial yeasts should be tested before they are used to confirm whether they function properly in the host cell or that preferably the promoters of the manipulated yeast are used to avoid problems in the heterologous expression system.
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